Abstract Recently published studies of triple-frequency radar observations of snowfall have demonstrated that naturally occurring snowflakes exhibit scattering signatures that are in some cases consistent with spheroidal particle models and in others can only be explained by complex aggregates. Until recently, no in situ observations have been available to investigate links between microphysical snowfall properties and their scattering properties. In this study, we investigate for the first time relations between collocated ground-based triple-frequency observations with in situ measurements of snowfall at the ground. The three analyzed snowfall cases obtained during a recent field campaign in Finland cover light to moderate snowfall rates with transitions from heavily rimed snow to open-structured, low-density snowflakes. The observed triple-frequency signatures agree well with the previously published findings from airborne radar observations. A rich spatiotemporal structure of triple-frequency observations throughout the cloud is observed during the three cases, which often seems to be related to riming and aggregation zones within the cloud. The comparison of triple-frequency signatures from the lowest altitudes with the ground-based in situ measurements reveals that in the presence of large (>5 mm) snow aggregates, a bending away in the triple-frequency space from the curve of classical spheroid scattering models is always observed. Rimed particles appear along an almost horizontal line in the triple-frequency space, which was not observed before. Overall, the three case studies indicate a close connection of triple-frequency signatures and snow particle structure, bulk snowfall density, and characteristic size of the particle size distribution.
Introduction
Multifrequency measurements using millimeter-wavelength radars have been found to considerably improve retrievals of snowfall properties compared to single-frequency applications [e.g., Matrosov, 1998; Hogan et al., 2000; Matrosov et al., 2005] . These techniques are based on the fact that the effective radar reflectivity factor Ze (hereafter called reflectivity) from an ensemble of snow particles is a function of the characteristic size of the particle size distribution (PSD). A common measure of the characteristic size of the PSD is the median volume diameter D 0 defined as the diameter which partitions the PSD into two equal volume parts. However, the relation between Ze and D 0 will be different for different frequencies if non-Rayleigh scattering effects become relevant. Matrosov [1992] showed that one can derive D 0 using one radar wavelength in or close to the Rayleigh region (e.g., S or X band) and a second one which is sufficiently affected by non-Rayleigh scattering (e.g., Ka or W band). Scattering simulations using spheroid particle models in combination with effective medium approximations, for example, the Maxwell-Garnett mixing rule [Matrosov, 1992 [Matrosov, , 1998 ], predict that the difference of the logarithmic Ze from two frequencies f 1 and f 2 (hereafter called dual wavelength ratio, DWR f 1 ,f 2 = Ze f 1 − Ze f 2 ) is not sensitive to snow density but only weakly dependent on the particle's aspect ratio. Hogan et al. [2012] confirmed that oblate spheroids can consistently represent scattering properties observed at 3 and 94 GHz and are also able to reproduce observed polarimetric signatures of nonprecipitating ice clouds. Exemplary simulated DWR Ka,W and DWR X,Ka for a selection of recently published PSDs and scattering models for snow particles (for a more detailed discussion see section 1): Sector snowflakes (SEC, black solid line) and dendrites (DEN, black dashed line) up to 5 mm particle size from the Liu [2008] database and rosette aggregates (AGC, black dashed-dotted line) [Nowell et al., 2013] up to 12 mm particle size and exponential PSDs as used in Kneifel et al. [2011] . Average of an ensemble of dendrite aggregate structures (AGG, blue solid line), averaged (spheroidal shapes (SPH), solid red line), and 5%/95% percentiles (dashed red lines) obtained from spheroidal shapes assuming a homogeneous mixture of ice and air with different PSDs, axis ratios, and canting angles, as described by Leinonen et al. [2012] . Self-similar Rayleigh-Gans approximation (SRG, yellow solid line) using the parameters given for aggregates of bullet rosettes and columns by Hogan and Westbrook [2014] and assuming aggregates up to 20 mm maximum size and exponential PSDs as in Kneifel et al. [2011] . aggregate particles by, e.g., Petty and Huang [2010] , Botta et al. [2010 Botta et al. [ , 2011 , and Tyynelä et al. [2011] have revealed that simple spheroid models of ice particles may not be sufficient for linking microphysical properties of snowflakes and their scattering signatures and may result in errors up to the order of 20 dB in calculations of W band reflectivities. This was further confirmed by Ori et al. [2014] and Nowell et al. [2013] . In a comprehensive analysis, Kneifel et al. [2011] compared simulated DWRs (Ku, Ka, and W bands) obtained from different scattering models including realistically shaped ice particles and aggregates to the DWRs calculated with spheroid models. For small D 0 (below 2 mm for DWR Ku,Ka and smaller than 1.5 mm for DWR Ka,W ) the differences between the scattering models are small and agree well with the findings of the aforementioned observational studies. However, the particle habit cannot be neglected for larger D 0 : A combination of DWRs using all three frequencies (e.g., by plotting DWR Ku,Ka against DWR Ka,W ) revealed a separation especially between the aggregate models and the spheroid models. The DWRs from dendrite and needle aggregates which were based on scattering computations from Petty and Huang [2010] revealed a characteristic "hook" or "comma" shape in the triple-frequency space similar to the example shown in Figure 1 . The typical hook feature in the triple-frequency space was also found by Leinonen et al. [2012] , Tyynelä and Chandrasekar [2014] , and Leinonen and Moisseev [2015] for snow aggregates composed of a variety of different primary crystal habits including needles, rosettes, hexagonal plates, dendrites, and fern-like dendrites. Leinonen and Moisseev [2015] analyzed in a comprehensive scattering modeling study the influence of habit and size of the primary crystal composing the aggregate on the triple-frequency signature: While the influence of the primary crystal habit is almost negligible, the primary crystal size influences the lowest DWR Ka,W value where the aggregates start to bend away from the spheroidal models. This might also partly explain the larger spread between the different aggregate types in the triple-frequency space found in Kneifel et al. [2011] : In order to change the size of the aggregates, Petty and Huang [2010] simply scaled the dipole structures which resulted in an unrealistic large exponent of the mass-size relation and also a likely overestimation of the size of the primary particles for large aggregate sizes. Tyynelä et al. [2013] have shown that scattering properties from realistically shaped snowflakes can be calculated using Rayleigh-Gans theory with an accuracy comparable to other uncertainties inherent to radar measurements. Based on this study, Leinonen et al. [2013] have shown that the backscattering property of a snowflake can be directly linked to the mass distribution within the snowflake. Hogan and Westbrook [2014] have further developed this methodology and presented a simple analytic solution based on self-similarity of snowflakes. In contrast to the complex mass distribution found for snow aggregates, a homogeneous mixture of ice and air is usually assumed in "soft" spheroid approximations. This difference might partly explain the discrepancy between aggregate and spheroidal scattering models.
The first experimental proof of the existence of aggregate-like and spheroid-like triple-frequency signatures was recently found by Leinonen et al. [2012] and Kulie et al. [2014] . Despite the significant spatial averaging needed to correct, e.g., for radar beam width differences, these airborne observations confirm that at least two distinct scattering regimes in the triple-frequency space exist. Nevertheless, the lack of in situ observations has limited so far our ability to map the triple-frequency space to real snowfall properties. In order to understand better the relation between physical snowfall properties and triple-frequency radar signatures, we analyze three case studies from collocated ground-based X, Ka, and W band zenith-pointing radar observations together with a comprehensive data set of in situ observations from the ground.
Data, Instruments, and Methods
The data used in this study were collected during the Biogenic Aerosols Effects on Clouds and Climate (BAECC) field campaign that took place at the University of Helsinki Hyytiälä Forestry Field Station, Finland (61 ∘ 50'37.114''N, 24 ∘ 17'15.709 ''E, 150 m above mean sea level). BAECC was organized in collaboration between the University of Helsinki, the Finnish Meteorological Institute, and the United States Department of Energy Atmospheric Radiation Measurement (ARM) program, which deployed the second Mobile Facility (AMF2) from 1 February to 12 September 2014. Between 1 February and 30 April 2014, an intensive observation period (IOP) was organized in collaboration with the National Aeronautics and Space Administration (NASA) Global Precipitation Measurement (GPM) ground validation program and Colorado State University focusing on winter precipitation; in total, 20 snowfall events were recorded during the IOP. The AMF2 and a part of the in situ precipitation sensors are shown in Figure 2 .
The measurement field is a 60 by 70 m wide clearing surrounded by trees. Most of the precipitation instruments were located in the middle of the field at about 20 m distance from the nearest trees. The trees act as the first wind shield and make the site favorable for snow measurements. To achieve the best possible quality of snow measurements, a custom-designed Double-Fence Intercomparison Reference (DFIR) wind protection [Rasmussen et al., 2012] was built at the site. The ground-based precipitation data set includes PSDs, terminal fall velocities, and particle shapes measured with 1-D and 2-D optical disdrometers and a 2-D imaging video camera. Furthermore, the liquid equivalent precipitation rate, total accumulation, and snow depth were measured. Wind conditions were obtained with 2-D and 3-D anemometers at the heights of the in situ instruments both inside the wind fence and on the measurement field.
The remote sensing instruments were collocated with the precipitation measurement equipment as can be seen in Figure 2 . All ARM radars were mounted on top of containers; the ARM microwave radiometers (MWR) were installed on the field between the surface observations instruments and the radar containers. The atmospheric state was derived from radio soundings (RS) launched 4 times a day.
Cloud Radars
For this analysis we are using data from the scanning dual-frequency ARM cloud radar system (X/KaSACR) and from the Marine W band ARM cloud radar (MWACR). All radar observations used in this study were collected during zenith-pointing operations. For optimal volume matching, the radar beams need to be properly aligned. The beam alignment can be assumed to be best for the X/KaSACR system for which both antennas are mounted on the same pedestal. The X/KaSACR performed alternating scans and zenith-pointing observations; the MWACR was continuously zenith pointing during the campaign. The MWACR system has been mounted on a different container in approximately 17 m distance from the X/KaSACR (Figure 2 ). All radars have been carefully aligned to zenith direction during installation of the AMF2 at the site.
The temporal and range resolution of the three radar systems has also been closely matched; differences between the center range gates are less then 16 m ( Table 1 ). The half-power beam width of the MWACR and KaSACR are similar while the XSACR beam width is 3 to 4 times larger due to antenna size limitations required to allow scanning together with the KaSACR. In order to account for the slightly different center range gates and radar volumes, the radar observations are low-pass filtered using a boxcar averaging window over two range gates. Further, the data from KaSACR and MWACR have been averaged over three temporal sampling intervals (approximately 6 s) to compensate for the larger XSACR beam width.
Offset and Attenuation Correction
Absolute calibrations of the radar systems have been performed at the beginning of the campaign with a corner reflector (Nitin Bharadwaj, ARM radar engineer, personal communication). This study is based on DWR measurements at two frequency pairs (X-Ka and Ka-W bands); thus, the relative calibration of the three ARM radar systems is important. Before we consider instrument specific differences due to absolute calibration or radome attenuation, we first analyze atmospheric attenuation effects mainly due to water vapor, liquid water, and absorption by frozen hydrometeors.
We derived the two-way attenuation profile due to water vapor by using the measurements from the closest RS and the water vapor absorption model by Rosenkranz [1998] which includes also recently proposed modification of the water vapor continuum absorption [Turner et al., 2009] and the 22 GHz line width modification proposed by Liljegren et al. [2005] . Due to the relatively moist atmosphere (vertically integrated water vapor amounts were in the range of 10-13 kg m −2 ), water vapor attenuation especially affects the W band with two-way attenuation within the lowest 5 km of up to 1 dB, while at Ka band the water vapor attenuates the signal by less than 0.2 dB; at X band water vapor attenuation is below 0.02 dB and thus can be neglected.
Attenuation due to supercooled liquid water (SLW) strongly increases with frequency but also depends slightly on temperature. Although there are still uncertainties in the correct modeling of the absorption index of SLW, two-way attenuation due to a liquid water path (LWP) of 500 g m −2 (as, for example, observed during the snowfall case on 16 February) are in the range of 5 dB/1 dB/0.09 dB at W/Ka/X band, respectively [e.g., Kneifel et al., 2014] . The attenuation effect at X band is within the noise level of the XSACR, and thus, we only correct for SLW attenuation at W and Ka band. For this, we use the LWP derived from the collocated two-channel MWR [Cadeddu et al., 2013] . Ideally, we would need to know the vertical distribution of SLW in order to accurately calculate the SLW attenuation profile. Lidar and airborne in situ observations indicate the SLW to be often concentrated in distinct layers within snow clouds rather than following a continuous (adiabatic) SLW profile [e.g., Verlinde et al., 2013] . Unfortunately, the lidar data cannot be used in our cases due to complete signal attenuation close to the ground caused by intense snowfall and/or SLW close to the surface. Lacking better information about the vertical SLW distribution, we assume the LWP to be homogeneously distributed within the cloud. We estimate the SLW absorption coefficient with a recent absorption model provided by Ellison [2007] and use the temperature profile from the closest RS. Given the observed LWP values during our three cases, we estimate the uncertainty of a different SLW profile due to the temperature dependence of the liquid water absorption coefficient to be in the range of 0.2 dB for W band and 0.4 dB for Ka band.
Average snowfall attenuation coefficients have been measured by Nemarich et al. [1988] using a horizontal radar link to be 0.9 dB km −1 (g/m 3 ) −1 at W band. At Ka band, attenuation due to snowfall is in general 1 order of magnitude lower [e.g., Matrosov, 2007] . For our attenuation correction, we calculate the vertical profiles of ice water content (IWC) using the XSACR observations and applying the Ze-IWC relation IWC = 0.015Ze 0.44 derived by Boudala et al. [2006] based on in situ observations and X band reflectivity observations for temperatures larger than −15 ∘ C. The attenuation profile due to snowfall has then be obtained with the IWC profiles and the attenuation coefficient measured by Nemarich et al. [1988] . The path integrated W band attenuation values found for our three cases are in the order of 1 dB which is similar to the findings for dry snowfall reported in Matrosov [2007] . Thus, only W band reflectivities are corrected for attenuation due to snowfall.
The remaining offsets due to radome attenuation or absolute calibration differences are derived by comparing the radar measurements in regions close to cloud top where we can expect the ice hydrometeors to be mostly Rayleigh scatterers, and thus, their reflectivity factors should be frequency independent [Hogan et al., 2000] . In order to exclude potentially aggregated particles (indicated, e.g., by increased Ze and DWR values), we therefore only consider reflectivities smaller than −5 dBZ and only from cloud regions above 4 km height where DWR signatures are generally found below 1 dB. The relative offsets are derived assuming the XSACR data as our reference. Due to its lowest frequency of the three radar system and frequent tilting of the antenna during scanning periods, we expect radome attenuation effects by accumulated snow or liquid water to be smallest. The remaining offsets derived separately for every case are below 1.5 dB for the KaSACR-XSACR comparison and less than 3 dB for MWACR-XSACR. We also analyzed the noise floor at range gates without cloud particles, which can be expected to vary due to emission by liquid water included in a wet snow layer accumulating on the radome; during all three cases and for all three radars, the noise floor indicated no significant changes.
In Situ Sensors
One of the core instruments used in this study is the Particle Imaging Package (PIP), which is the next generation version of the Snow Video Imager (SVI) [Newman et al., 2009] . As in the previous version, the measurement unit of PIP includes a halogen lamp and a video system of lens and a charge-coupled device full-frame camera. The frame rate of PIP is 380 frames per second enabling measurements of particle fall velocities. The distance between the camera and the lamp is approximately 2 m, and the focal plane is 1.3 m from the end of the lens; therefore, the field of view is 64 × 48 mm at this distance resulting in a resolution of 0.1 × 0.1 mm for the gray scale images. PIP records particle diameter D which is defined as an equivalent diameter of a disk that has the same area as the shadow of the particle. Further, terminal fall velocity and other particle image properties are derived according to the SVI particle detection algorithm described in Newman et al. [2009] . The particles which are out of focus are excluded according to thresholds based on increased blurring and reduced contrast values. The estimated error in sizing due to this effect is 18% [Newman et al., 2009] . PIP measurements are minimally affected by wind-induced errors due to the open structure of the instrument. The average wind speed during the three case periods at the height of the PIP measured with Gill anemometer were 1.3, 1.8, and 2.1 m s −1 for 7, 16, and 24 February 2014, respectively.
In addition to the optical disdrometers, two Pluvio 2 weighing gauges were part of the instrumentation: The Pluvio 2 -200 with an area of the orifice A G = 200 cm 2 and Tretyakov wind shield were placed inside the DFIR wind fence; the Pluvio 2 400 with an orifice A G = 400 cm 2 and a combination of Tretyakov and Alter wind shields were installed on the measurement field outside the DFIR fence. The differences of snowfall rate or snowfall accumulation measured with the two gauges are found to be on average smaller than 10%. The factory-made filtered data output of bucket nonreal-time accumulation is utilized. This output is selected because of its higher accuracy, though the data output has a time delay of 5 min from the occurring precipitation event. Due to problems with the proper synchronization of the system time of the data acquisition computer for the Pluvio 2 s, the time shift due to the nonreal-time output and the drifting system time was obtained by cross correlating the Pluvio 2 time series of precipitation rate with the values derived from PIP for each case.
Prior to calculations of the PSD parameters, the PSDs recorded by PIP are filtered to exclude spurious measurements of large particles. Also, particles smaller than 0.375 mm are ignored, since these measurements are deemed to be unreliable. PIP sorts the observed particles into 105 bins ranging from 0.125 to 26.125 mm.
KNEIFEL ET AL. TRIPLE-FREQUENCY SIGNATURES OF SNOWFALL
The PSDs observed during the three cases are close to an exponential distribution, and the derived PSD parameters agree well with the measured PSDs from a Parsivel on the site [Löffler-Mang and Joss, 2000; Löffler-Mang and Blahak, 2001; Battaglia et al., 2010] . Characteristic parameters of the PSD are derived every minute and are then averaged over 6 min periods. The averaging time is selected to be long enough for the accumulation measured with the Pluvio 2 s to reach the sensitivity limit of > 0.1 mm and short enough to capture the transitions of snowfall properties (e.g., changes in degree of riming). The median volume diameter D 0 and total particle concentration N T are calculated based on the 6 min averages; the maximum diameter D max is the largest area-equivalent diameter observed during the 6 min period. From the nonaveraged 6 min observations of terminal fall velocities v and D, fall velocity-diameter power law relations in the form v(D) = aD b are calculated. Prior to carrying out the nonlinear regression fit with Levenberg-Marquardt algorithm, a two-dimensional probability density distribution of velocity-diameter observations is calculated with the kernel density estimation method [Silverman, 1986] . The main reason for selecting this method is to provide a consistent approach of reducing impacts of limited observations of the larger particles and outliers that are present in velocity observations of particles of all sizes. To minimize the influence of outliers on the v-D fit, but also to utilize the most of the reliable observations, for each diameter bin, the velocity observations that fall within the half width from each side of the peak of the measured velocity density function are used for the regression. It should be noted that the half widths are calculated for each side of the distribution, therefore, allowing for nonsymmetrical density functions.
The observed PSDs, velocity-diameter relations, and snowfall accumulation measurements from the Pluvio 2 s are combined to calculate bulk densities of the observed snowfall for the 6 min averaging periods. The bulk snowfall density b in kg m −3 can be determined from the liquid equivalent precipitation accumulation G PIP in mm estimated with PIP as 
with bucket mass change in observed time interval m(t) in kg s −1 and density of water w = 1000 kg m −3 .
A correlation of the found velocity-size relation and bulk snowfall density is detected, which is in accordance with previous studies [e.g., Locatelli and Hobbs, 1974; Barthazy and Schefold, 2006; Garrett and Yuter, 2014] . During certain time periods, especially on 16 February (Figure 10 ) between 00:44 and 00:56 UTC, a bimodal distribution of particles with different velocity-size distributions is observed; in these cases the derived velocity-size relation and the bulk snowfall density represent the average of both particle populations.
Time Lag Between Lowest Radar Ranges and Surface Level
For analyzing the relation between triple-frequency signatures and in situ properties of snowfall, we use the lowest 200 m observed by the three radars (380-580 m). Depending on the horizontal advection speed, we expect a temporal lag between the snowfall signatures measured at the lowest range gates and the according in situ signatures measured at the surface. We estimated the time lag with three different methods which are similar in some parts to the methods described in Wood et al. [2014] : The theoretical X band time series of reflectivity close to the surface is calculated using the sixth moment of the observed PSD. The time lag is derived by finding the best cross correlation between calculated surface X band reflectivity and observed XSACR reflectivities at the middle of the 200 m thick layer (480 m). In the second method, the temporal shift of the observed X band reflectivity time series within the lowest 200 m is estimated by cross correlation of the Ze time series of subsequent altitudes; the vertical profile of the time lag is then extrapolated toward the surface. In the third method, we use the profile of horizontal wind from the nearest RS and the observed mean Doppler velocity (MDV) as average terminal velocity of the snowfall. We simulate the resulting fall streak pattern in the radar time-height observation space similar to Hogan and Kew [2005] ; and assume the height of the generating level close to cloud top. The time lag is estimated by extending the simulated fall streak down to surface level assuming the MDVs below the lowest radar range to be equal to the observed values at 380 m. The time lag estimates obtained by the three methods differ by less than 0.5 min for the three analyzed cases. We shifted the averaging time window for the in situ data according to the average lag obtained by the three methods of 2.5, 3.8, and 1.0 min for 7, 16, and 21 February 2014, respectively (in all three cases the time shift is in the same direction, i.e., the snowfall signatures appear first in the lowest radar range gates and later in the in situ data).
Triple-Frequency Case Studies
In this section we present three snowfall case studies observed during February 2014 comprising different triple-frequency signatures, snowfall rates, and degrees of riming. A short description of the weather situation of each case will be followed by an analysis of the time-height 2-D structure observed by the triple-frequency radars. Finally, the in situ data collected at ground level are compared with triple-frequency signatures from the lowest radar range gates. We focus our analysis of triple-frequency signatures on the time period between 22:45 and 24:00 UTC, where a distinct snowfall band descends toward the ground. Temperatures at ground level are close to 0 ∘ C, increasing from −1 ∘ C at 22 UTC up to −0.3 ∘ C at 24 UTC. The vertical structure of temperature and relative humidity up to 5 km are shown from the closest RS at 23:54 UTC in Figure 3 . The temperature profile reveals the first and strongest temperature inversion between 400 and 500 m above ground level (AGL) reaching largest values of 0.1 ∘ C. Due to the slightly positive temperature within this narrow layer, the ice and snow particles could experience slight melting. However, the vertical structure of Ze or MDV and also the time series of LWP does not show any significant enhancement that would be an indicator of melting (Figure 4 ). According to Rasmussen and Pruppacher [1982] , it is quite likely that in this case the onset of melting is suppressed due to the slightly subsaturated (relative humidity only 96%) conditions at the level of 0.1 ∘ C. Therefore, we conclude that the snow particles are still unmelted while their sticking efficiency might be large due to the near 0 ∘ C temperatures, thus favoring formation of large aggregates [e.g., Brandes et al., 2007] .
The relative humidity profile is rather complex due to the merging of the two cloud systems. Based on the RS data, we also derived the relative humidity values that would be needed under the given temperature conditions to allow saturation with respect to ice. Combined with the ambient relative humidity profile, areas of saturated/subsaturated conditions with respect to ice favoring depositional growth or sublimation can be identified. Besides several areas close to liquid water saturation (e.g., 300 m and 1000 m AGL), we find a large layer saturated only with respect to ice (between 2.0 and 4.3 km) and distinct sub-saturated areas with respect to ice (e.g., between 1.2 and 2.0 km).
The most prominent structure visible in the time-height overview plots of radar reflectivities, DWRs, and MDV ( Figure 4 ) is a band of high reflectivity starting at altitudes between 3 and 4 km steadily descending down to ground. In the RS from 23:54 UTC (Figure 3 ) we find the temperature of the region where the snowfall band seems to form to be around −13 to −15 ∘ C. This temperature region together with high supersaturation is known to favor growth of dendritic ice particles, which are particularly effective at aggregating quickly due to their branched structure. The descending snowfall band causes significantly different reflectivities at the three radar frequencies: The maximum reflectivities at the center of the snowfall band are found at the X band, with maximum values of up to 25 dBZ, while the signal is weaker by up to 10 dB at the Ka band and by up to 14 dB at the W band. These strong differences can only be explained by non-Rayleigh scattering effects because after the intense snowfall band reaches the ground both DWR X,Ka and DWR Ka,W are close to 0 dB.
The observed MDVs are in the range of 0.8-1.4 m s −1 , which are typical terminal fall velocities of unrimed or only lightly rimed aggregates [Barthazy and Schefold, 2006] . Only at the end of the period do we find an increase of MDV up to 2 m s −1 within the lowest 1 km, coinciding with an increase of LWP up to 120 g m −2 .
This signature is very likely connected to riming processes within this layer. Interestingly, this riming signature is slightly correlated with a significant increase of DWR Ka,W while the DWR X,Ka values remain below 3 dB. 
Comparison to Ground-Based In Situ Observations
The high-reflectivity band (Figure 4 ) approaches the lowest radar gates between 23:22 and 23:28 UTC. The in situ measurements ( Figure 5 ) reveal during this time (note that the time of the in situ data have been shifted by the estimated time lag of 2.5 min between lowest range gates and surface level according to section 2.4) a low number concentration of large aggregates with D 0 and D max of 3.5 mm and 7 mm, respectively. The low-bulk snowfall density and low concentration of snow particles result in only a light snowfall at the ground with less than 0.2 mm h −1 liquid equivalent snowfall rate. The actual maximum in snowfall rate of 0.4 mm h −1 is measured at the ground more than 10 min later at 23:40 UTC, concurrent with a higher number concentration (up to 1600 m −3 ), decreasing D 0 (1 mm), smaller D max (3.5 mm), and increasing bulk snow density (from 100 to 300 kg m −3 ).
The triple-frequency data from the lowest 200 m layer ( Figure 6 ) show also very different signatures before and after 23:28 UTC: During the time 23:16-23:28 UTC, we find very large DWR X,Ka values reaching up to 13 dB, while the DWR Ka,W values range between 3 and 10 dB. The observed signatures in the DWR space are quite similar to theoretical curves assuming aggregate scattering models (Figure 1 ), although some of the observations reveal an even stronger decrease of DWR Ka,W values than any of the aggregate models predict. It should be noted that the DWR values are independent of particle concentration and thus only dependent on D 0 and specific particle scattering behavior. The example PIP images (Figure 6 , bottom) confirm the presence of large aggregates (sometimes up to 10 mm) with a very open or "fluffy" structure, i.e., an inhomogeneous and widespread distribution of ice within the particle's circumscribed volume. Due to the limited image resolution, it is, however, rather difficult to identify the primary particles that build the aggregates in this case. not significantly enhanced. In accordance with the decrease of particle sizes, the formerly very strong DWR X,Ka falls below 5 dB, while the DWR Ka,W values are found to range between 1 and 6 dB following closely the area predicted by scattering models of low-density particles with a homogenous ice-air mixture (soft spheroids). However, the PIP images only indicate a decrease of the overall aggregate size rather than a transition from open-structured aggregates to particles with more homogeneous ice-air mixture. In fact, in this area of low DWR values, different particle habits and their mixtures can produce very similar triple-frequency signatures [Kneifel et al., 2011; Leinonen et al., 2012; Tyynelä and Chandrasekar, 2014; Leinonen and Moisseev, 2015] .
The DWR signatures almost completely disappear in the period between 23:35 and 23:50 UTC, while the total number concentration and snowfall rate reach their maximum within this period. The PIP images indicate the presence of small, open-structured aggregates rather than single crystals and small number of spherical, probably rimed particles. As expected, the DWR values seem to be independent on the increase in number concentration, while the decrease in both DWRs correlates well to the low D 0 and D max values observed during this time.
After 23:50 UTC, DWR Ka,W increases up to 9 dB while DWR X,Ka remains below 3 dB. This increase in DWR Ka,W is well correlated with an increase in MDV up to 1.6 m s −1 (with larger MDV for larger DWR Ka,W ). At the same time the LWP increases by 60 g m −2 , and the slope of the velocity-size relation steepens which strongly indicates presence of rimed particles. Also, the PIP images indicate a change from small, open-structured aggregates to more compact, spheroidal habits.
Case 2: 16 February 2014 3.3.1. Weather Situation and Time-Height Structure
The atmospheric composition and cloud fields during the night of 15 to 16 February 2014 over Hyytiälä are influenced by a weakening low pressure system with its center at Northern Norway which moves further in northeasterly direction. A well-developed warm type occlusion associated with the cyclone moves from SW to NE, finally reaching the ground level at the SW corner of Finland at around 00 UTC on 16 February. Similar to 7 February case, a long-lasting thin mixed-phase cloud can be identified in the radar images of 15 February with its cloud top around 1 km AGL. At 12 UTC 15 February, first ice clouds at 6-8 km can be identified which continuously deepen with time, and finally at 21:15 UTC the ice particles fall into the lower mixed-phase cloud.
The RS from 23:18 UTC (Figure 7) shows the remaining cloud top temperature inversion and high relative humidity below 1 km associated with the former mixed-phase cloud layer. Most of the layers above 1 km are close to saturation with respect to ice but between 2 and 3 km, and also above 4 km the air is supersaturated with respect to ice. The temperature close to ground is only slightly lower compared to the 7 February case and varies between −0.7 and −1.2 ∘ C at our focus time between 00:00 and 01:00 UTC.
The radar observations (Figure 8 ) reveal a very complex precipitation pattern: When looking at the structure of the entire cloud (not shown), it seems the snowfall is initiated in cellular structures between 4 and 5 km. The snow particles that fall out of these generating cells are advected by the horizontal wind which strongly varies with height. This variable wind shear leads to complex fall streak patterns with changing slopes in the time-height radar display (Figure 8 ). Generating cells and their corresponding fall streak structures is typical for snowfall clouds and have been observed since the early days of radar meteorology [e.g., Marshall, 1953; Gunn and Marshall, 1955] . The most prominent of these snowfall trails can be found around 00:50 UTC accompanied with a local peak in LWP and a maximum in reflectivity of 28 dBZ at the X band. It is plausible that the LWP increase is connected to a slight updraft, but the constant downward movement of the snow particles seen in the MDV indicates that the updraft must have been smaller than the typical average snowfall terminal velocity of 1 m s −1 .
10.1002/2015JD023156 The fall streak patterns appear also in the DWR fields: In the reflectivity differences of the two higher radar frequencies DWR Ka,W , we find the fall streak structures starting just below the generating cells. This indicates that shortly after the particles are released from the generating cells, riming and/or aggregation processes must have taken place which were able to cause this differential scattering signatures between the W and Ka bands. Such rapid aggregation and riming processes connected to generating cell activity have also recently been observed with aircraft in situ probes and polarimetric radar observations [Kumjian et al., 2014] . These fine fall streak structures starting at the generating cells cannot be observed in the DWR X,Ka (except the strong plume structures at the end of the period). The most significant increase in DWR X,Ka , however, occurs in the lowest 2 km.
Detecting and evaluating the strength of riming is challenging in this case: The LWP ranges between 150 and 300 g m −2 during most of the hour. At the end of the period (00:42 until 01:00 UTC) the LWP increases up to 500 g m −2 . These LWP values are much higher than those observed for the 7 February case. The likelihood of riming can therefore be expected to be higher in this case which seems to be confirmed by the increase of MDV up to 2 m s −1 within the lowest 2 km after 00:42 UTC. However, the MDV during the entire hour reveals a rather complex pattern which seems to be connected to the overall reflectivity pattern only in certain areas. Clearly, microphysical processes like riming are superimposed over dynamical effects like the wave-like upward and downward motion detected in the MDV of the lowest 1 km during the first half of the focus period.
During the later period, when LWP further increases, we also note an increasing number of small, localized DWR maxima especially in the DWR Ka,W field. In some areas it seems like these maxima are related to the fall streak patterns where we can expect size sorting effects due to the wind shear and increased variability in terminal fall velocities. This assumption is somewhat confirmed by the slightly different location of the maxima between DWR X,Ka and DWR Ka,W (for example, in the vicinity of the strongest plume-like structure around 00:50 UTC) which could be caused by size sorting of different particle populations within the fall streak which will then appear differently in the two DWRs.
Comparison to Ground-Based In Situ Observations
The observed snowfall rates at the surface (Figure 9 ) reach their maximum values of 1.6 mm h −1 during the second half of the focus period. During this second half also, D 0 , D max , and N tot reach their maximum values of 3.4 mm, 12 mm, and 10 3 m −3 , respectively. The overall snow density, however, drops to a minimum value of 80 kg m −3 when the other parameters reach their peaks. This indicates that the period associated with the largest snowfall rate during this event was also composed of the "fluffiest," i.e., least dense aggregates.
For the analysis of the relation between lowest radar range gate observations and in situ snowfall parameters, we again focus on five selected time periods were we find significant changes in the triple-frequency signatures (Figure 10 ). The time lag between the lowest radar range gates and ground level is estimated to be around 4 min.
The first time period between 00:08 and 00:14 UTC (Figure 10 ) is characterized by enhanced X/Ka-band reflectivity but low snowfall rate and only moderate values of DWR X,Ka . As expected from the radar overview plot (Figure 8) , we find the DWR Ka,W clearly enhanced up to 9 dB while DWR X,Ka ranges between 2 and 8 dB following mostly the average soft spheroid line; only a weak comma feature is found for the radar pixels with largest MDV (1.1-1.5 m s −1 ) and largest DWR Ka,W .
Visual analysis of the PIP images (Figure 10 ) reveals the presence of three major particle populations: Single needles (1-2 mm), small (1.5-2 mm) spherical aggregates, and a lower concentration of larger (> 2 mm) needle aggregates. This mixture of rimed particles, needles, and needle aggregates could be related to ice multiplication mechanism like rime splintering (Hallett-Mossop) process [Hallett and Mossop, 1974] in the layer below 800 m altitude: high values of relative humidity close to water saturation ( Figure 7 ) might have favored the existence of SLW, and the temperatures are close to −5 ∘ C; these are both important condition for the Hallett-Mossop process to be effective. The measured histogram of particle velocity and diameter reveals at least two of these particle populations in different clusters of points. Despite the different particle populations, the velocity-size relation can be fitted surprisingly well using a single power law. The DWRs during 00:20-00:26 UTC follow fairly well the curve predicted by the soft spheroids. It is also interesting that the radar pixels with MDV around 1 m s −1 are now almost equally distributed along the range of DWR values. The in situ time series (Figure 9) show that D 0 reaches its minimum values (1.7 mm) during this period. This might also explain why the DWR values are also very small: Only if all range gates within the 200 m layer during the 6 min are filled with similarly small particles with low differential scattering behavior can low DWR values be reached. In fact, when we split the radar data for this particular time period into shorter time periods, the DWR values are indeed be found to move along the line of the average spheroids reaching a minimum in both DWR X,Ka and DWR Ka,W at the time where the minimum in D 0 is observed at the ground.
The next time period we focus on is from 00:38 to 00:44 UTC: As mentioned before, during this period the maximum snowfall rate, particle concentration, and D 0 are reached while the bulk snowfall density is found to reach its minimum of 80 kg m −3 . Also the exponent of the power law fit for the velocity-size relation decreases from 0.32 to 0.22 which is likely to be connected to lower density particles. In accordance with the increase in D 0 and decrease in bulk snowfall density, the DWR X,Ka values increase to 10 dB, and the triple-frequency signatures bend away from the average spheroid line toward the area expected for aggregates. The PIP images show the presence of large needle aggregates of sometimes more compact and sometimes very open structure.
During the following time period (00:44 to 00:50 UTC), the overall aggregate signatures remain almost constant in the triple-frequency space. However, a new family of points with DWR X,Ka values below 3 dB, DWR Ka,W up to 6 dB but with MDV between 0.9 and 1.6 m s −1 appears during this period. The velocity-size scatterplot shows indeed evidence for a new, separated population of rimed particles with clearly enhanced terminal velocities reaching 1.3-1.5 m s −1 with sizes of only 1.0 to 2.0 mm. Similar to the end of the 7 February case, there seems to be a close connection of the presence of riming and an increase of DWR Ka,W together with low DWR X,Ka values (<3 dB).
Only 6 min later (00:50-00:56 UTC), the number of large aggregates further decreases, while the number of increasingly rimed particles with sizes of 1.5 to 2.0 mm and terminal velocities up to 2 m s −1 increases. As a result of the increasing density of the small particle population, the velocity-size scatterplot becomes progressively bimodal. The reduction in the number of larger aggregates also reduces the DWR X,Ka values below 3 dB while the DWR Ka,W measurements are still found up to 9 dB. This almost horizontal curve in the triple-frequency space and the presence of rimed particles is similar to the last time period observed at the 7 February case (Figure 6 ).
Case 3: 21 February 2014 3.5.1. Weather Situation and Time-Height Structure
The weather situation on 21 February is characterized by a weakened cyclone located over northeastern Scandinavia and a warm-type occlusion moving in northeasterly direction over Hyytiälä. Similar to the other two cases, a thin mixed-phase cloud with cloud top at 1 km exists almost continuously during the day. At 5 UTC, thicker ice clouds can be seen in the radar images between 4 and 7 km, slowly descending and deepening before they merge with the low mixed-phase cloud at 16 UTC. In the RS from 23:20 UTC (Figure 11 signature of the mixed-phase cloud can still be detected in the temperature inversion at 800 m and the peak in relative humidity at the same height. A second temperature inversion together with a small peak in relative humidity is also visible at 2.9 km. The layer between 800 m and 2.3 km shows slightly subsaturated conditions with respect to ice in contrast to the ice supersaturated layer above. The temperatures close to surface during our focus time period were close to −2 ∘ C.
The selected focus time period from 22:53 to 23:18 UTC is shorter (25 min) compared to the other two cases because the X/KaSACR was frequently scanning during this day. In the radar reflectivity time-height image (Figure 12) , the cloud appears to be relatively stratiform and only a few generating elements with their associated fall streaks can be found above 3 km. This case again exhibits significant signatures of riming and a 10.1002/2015JD023156 During the time period of enhanced MDV and LWP, we also find very large DWR Ka,W values of up to 14 dB which are the largest values found in all three cases. In contrast, the DWR X,Ka is found continually below 3 dB in most of these areas. The weak DWR X,Ka signatures do, however, resemble the strong DWR Ka,W structures. We expect a certain correlation of the two DWRs because they both generally increase with increasing D 0 . It is thus likely that the strong DWR Ka,W structures are not only a product of riming but also due to slightly increasing D 0 .
After the LWP decreased to low values of 50 g m −2 (23:05 UTC), DWR X,Ka increases in the lowest 2 km to 11 dB. The DWR Ka,W values, on the other hand, continuously decrease especially above 2 km coinciding with a decline of MDV to values smaller than 1.5 m s −1 .
Comparison to Ground-based In Situ Observations
The in situ data ( Figure 13 ) reveal a similar two-part separation of the snowfall event as found in the radar data: During the first half (before 23:05 UTC), the snowfall rate is relatively low (below 0.5 mm h −1 ) and composed by a low concentration of small-sized (D max < 3 mm) particles with high density (estimated bulk snowfall density up to 600 kg m −3 ). Although the density estimate has to be interpreted with care due to the low snowfall rate and particle concentration, the in situ data indicate the presence of heavily rimed particles with mostly spherical shape (Figure 14) . A further confirmation of strong riming is the observed velocity-size relation during this time which resembles well those found for lump graupel [e.g., Barthazy and Schefold, 2006] . The characteristics of the snowfall event are very different during the second period (23:05-23:18 UTC): The snowfall rate reaches its maximum of 2.2 mm h −1 around 23:17 UTC; this is the largest snowfall rate observed for all three cases. The peak in snowfall rate is connected to a strongly broadened PSD (D 0 up to 4.7 mm and D max > 12 mm), increasing particle concentration, but also to a sharply decreased bulk snowfall density (90-150 kg m −3 ).
This transition from light, graupel-like snowfall to moderate aggregate snowfall appears to be strongly correlated to changes in the triple-frequency space as can be seen in the temporal development of the low-level radar observations and in situ data ( Figure 14) : During the first 6 min (22:53-22:59 UTC), we find the DWR Ka,W values filling in the entire range between 2 and 12 dB; this means that the particle ensembles in the different low-level radar pixels must have been composed of very different realizations of D 0 and/or degree of riming. Visual analysis of the PIP images reveals the presence of mostly spherical particles mixed with a small number of columnar particles.
Only 6 min later (22:59-23:05 UTC), the velocity-size relation is significantly different (note the almost 50% smaller velocity-size exponent b) and aggregates with sizes up to 5 mm are found. The different PSD also changes the distribution in the triple-frequency space: The small DWR Ka,W values found in the previous period completely disappear and all DWR Ka,W values are now found between 8 and 14 dB. The DWR X,Ka slightly increased up to 5 dB which can be explained by the increasing D 0 .
The increase of size and number of aggregates further intensifies during the following 6 min (23:05-23:11 UTC). During this time period, the maximum in X band reflectivity, DWR X,Ka , D 0 , and D max are also reached. Unlike for 16 February, it is much more difficult in this case to identify the primary particles forming the aggregates. Although the aggregates' terminal velocities between 1 and 1.5 m s −1 are not strongly enhanced, they appear in the PIP images to be more dense compared to the former two cases. In the triple-wavelength space, the increasing number of large aggregates causes an increase of DWR X,Ka ranging Figure 15 . Schematic illustration of the effect of changes of PSD characteristic size D 0 and snow particle density on triple-frequency signatures. The light blue and dark blue line represent the most extreme curves observed in this study for large, low-density aggregates (7 February) and heavily rimed particles (21 February), respectively. now between 3 and 10 dB, while DWR Ka,W remains large similar to the previous time period. The data points appear to separate into two populations: One cloud of points is located around the average spheroid line and with most of the MDV being larger than 1.2 m s −1 . The second population bends away from the average spheroid line and shows MDV close to 1.2 m s −1 . An analysis of the DWR data from shorter time intervals reveals that the first population of spheroidal particles is associated with the first 3 min, while the bended cluster of points only appears during the second 3 min. Therefore, a fast transition of the snowfall from rimed, spheroidal particles to slower, aggregate-type scattering particles must have taken place during these 6 min.
During the last period (23:11-23:17 UTC), D 0 and also D max of the aggregates remain almost constant while the exponent of the velocity-size relation further decreases. The extreme DWR Ka,W values disappear, and the triple-frequency data points bend further away from the average spheroid line; also, their MDV are now almost entirely below 1.2 m s −1 indicating a further transition from rimed to lower-density and aggregate-dominated snowfall. Although the increase in DWR X,Ka due to the broadened PSD (increase of D 0 ) is similar to the other two cases, the DWR Ka,W values between 8 and 12 dB are significantly larger than in the previous cases. Without being able to analyze the structure of the aggregates in more detail (e.g., investigating whether aggregates are composed of a mixture of heavily rimed particles and other unrimed aggregate components), it is difficult to fully explain the origin of these high DWR Ka,W values in this case.
Discussion and Conclusions
The long-term deployment of the AMF2 with its triple-frequency radar capabilities at the University of Helsinki Hyytiälä Forestry Field Station, Finland, combined with the availability of excellent in situ ground-based snow particle measurements, provided an unprecedented snowfall data set. The potential of this data set for snow studies is illustrated here using three events that cover light to moderate snowfall rates from 0.2 to 2.2 mm h −1 capturing a wide range of snow habits from low-density, open-structured aggregates to heavily rimed particles. All three snowfall cases were observed at a relatively narrow temperature range between −2 and 0 ∘ C close to ground.
The focus of this study was less on evaluating theoretical triple-frequency radar signatures but rather on connecting them to snow particle properties using the combination of remote-sensing and in situ observations. To this extend, the BAECC data set is a step forward compared to previous airborne data sets. The observed triple-frequency features found in this study clearly resemble the main triple-frequency features found in Leinonen et al. [2012] and Kulie et al. [2014] . The signatures from the current study are, however, more pronounced in terms of the magnitude of the triple-frequency signals, and they also appear to be less noisy, which can be explained by the smaller amount of averaging needed thanks to improved radar volume matching. A typical bending away from the average spheroid line was found to be connected to the presence of larger (>5 mm) aggregates in the in situ data. Besides the hook or comma feature associated with aggregates and the average spheroid region connected to compact, spheroidal aggregates, we were able to identify signatures of rimed particles. They appear in the triple-frequency space as nearly horizontal curves which were not observed before. These signatures agree well with scattering computations of graupel particles in Tyynelä and Chandrasekar [2014] using discrete dipole approximation. Also initial experiments with T matrix and different snow densities (not shown) revealed a tendency to a flatter curve with increasing density consistent to our observations. However, a more detailed analysis of the scattering signatures of increasingly rimed particles is Figure 16 . Two-dimensional histograms of triple-frequency signatures from all three cases including all heights below 4 km AGL. The color represents the absolute number of observations per pixel. The colored frames represent approximate areas in the triple-frequency space that were found to be related to the presence of large aggregates (light blue) or rimed particles (purple) in the surface in situ observations. certainly needed to better understand the observed triple-frequency signatures and their relation to changes in shape and density.
As previously stated, the goal of this study is to remap part of the triple-frequency space to snowfall properties (e.g., density and characteristic size). While more observations and data analysis combined with scattering calculations are needed for a more comprehensive remap, a first attempt based on the data analyzed here is shown in (Figure 15 ). Considering the almost flat curve found for the largest bulk snowfall density at the beginning of the 21 February case (Figure 14) and the extreme bending of the low-density aggregates at the beginning of the 7 February case (Figure 6 ), we can conclude in a very schematic way that changes in snowfall density are recovered by a "rotation" in the triple-frequency space while the characteristic size is increasing along the specific particle curves (Figure 15 ).
Based on our comparison of the triple-frequency signatures close to the surface with in situ data, we believe that at least two basic hydrometeor regimes can be distinguished from triple-frequency observations (indicated by the colored boxes in Figure 16 ): A combination of DWR Ka,W values larger than 3 dB together with DWR X,Ka lower than 3 dB has been found to be connected to rimed particles. The region with DWR X,Ka values larger than 4 dB can be generally assigned to aggregates, while a combination with low DWR Ka,W indicates a decrease in aggregate density. The region with small DWR values at both frequency combinations reveals low values of D 0 (<2 mm). However, a distinction between single crystals, or rimed particles, seems not feasible based on the overlapping scattering properties in this region and limited radar sensitivity. It should be noted, however, that simulated DWR combinations including higher frequencies (e.g., 150 or 220 GHz) indicate a possible distinction of particle properties also in the low D 0 region [Battaglia et al., 2014] .
Therefore, the observations and recent scattering modeling studies suggest that triple-frequency observations bear the potential to derive two fundamental properties of snowfall microphysics: Bulk snowfall density and characteristic size of the PSD. These two important parameters can be potentially derived inside clouds even in regions were standard methods for identification of riming, e.g., using MDV, are infeasible due to large turbulence and intense vertical winds (e.g., within convective clouds).
A quantitative retrieval of these essential quantities from triple-frequency observations requires, however, a further increasing understanding of the overall connection of microphysical snowfall parameters to their scattering properties. Up to now, not only scattering approximations using effective medium theories (often called soft spheroid approximation) but also scattering computations using more realistic ice particles are unable to reproduce the whole space of observed triple-frequency signatures. Future improvements could be obtained by specifically designed closure studies including detailed in situ observation of the inner aggregate structure and snowfall PSD together with a large set of scattering computations which are increasingly available in recent years thanks to optimized scattering codes and increasing computing resources. The three case studies also reveal that mixtures of different snow particles can produce very similar triple-frequency signatures. Future studies will have to investigate whether it is important to quantify these particle populations separately or if bulk snowfall quantities can be derived independent of the overall snowfall composition.
